Abstract. This paper investigates the preliminary stability of pillar linking adjacent caverns under the effect of water level differences. By choosing homologous rocks, permeability tests and Brazilian tests in the laboratory are conducted. Then theoretical model and solutions are made. The results show that the rock permeability is extremely low. The tensile strength of the tuff in the laboratory tests is not very high, and its strength will dramatically reduce due to long-term water erosion. Under the comprehensive effect of joint and fissure, the pillar is prone to slab due to the typical lamellar structure. Especially, when the span of the pillar is narrower or the water level difference is more obvious, the pillar will become more instability. All these factors mentioned above may result in deformation even failure of the caverns. Therefore, the development of micro-crack and joint in the pillar should be monitored regularly.
Introduction
In recent years, large ancient underground projects have gradually attracted more attention, such as Longyou Grottoes, Shepan Island, Whenling Underground Guarrying, et.al. The current study provided a thorough review of the decision-making process associated with the selection of substrate, drainage, and slope-reinforcing materials for the Athens Concert Hall green roof park [1] . Most of large-scale underground caves left by ancient quarrying, could be used as a tourist attraction and as a teaching environment. More researches about stability of these underground caverns have been conducted. The authors analyzed possible reasons for the ancient project maintaining several hundred years of stability and studied large ancient underground caverns of Shepan island from the view of science and technology [2, 3] . The deformations and failures of the surrounding rocks were examined from the viewpoints of engineering geological conditions and rock mechanics [4] . Ferrero et al. analyzed the preliminary stability conditions of the ancient underground quarries of Viggiu (Varese, Italy), to verify the actual structural predisposition to instability phenomena of the old Viggiu quarries [5] . Rasmussen et al. described the process of designing a concert complex and conducted dynamic investigations about the huge balcony structures [6] . Joeckel and Tucker mainly studied rodent burrows from the eastern Great Plains, United States and got a review of the burrows of North American rodents [7] . Ulusay et al. integrated experimental, analytical and numerical analyses and undertook an in situ monitoring program to assess the preliminary stability conditions of the congress centre [8] .
The paper mainly analyzes preliminary stability of caverns through experimental tests and mechanics theory taking caverns in Shepan Island as an example. A phenomenon that water levels difference of adjacent caves in some cavern groups are obvious was found, especially in 4 caverns groups, namely Shizi cave, Yeren cave, Haidaocun and Qingfeng cave, respectively. Through field investigation, 12 pairs of water level differences in adjacent caves existed at present. The purpose of this paper is to analyze preliminary stability of the pillar linking adjacent caverns for a long time under the influence of water level difference.
On-Site Data Collection and Experimental Procedures

On-Site Data Collection
Through field investigation, the phenomenon of water level difference is obvious in the adjacent caverns. Water level difference refers to the height difference between two water levels. By carefully measuring data of 12 pairs of water level differences, data are summarized in table 1. Perspective schematic view of 1# is shown in figure 1. 
Laboratory Tests
To get the physical and mechanical parameters, Permeability tests and Brazilian disc splitting experiments were carried out. Results of each experiment are as follows.
Permeability Tests
With the help of research group of Professor H. K. Ge at China University of Petroleum (Beijing), and by using the disc specimen with 25mm in diameter and 10mm in thickness to measure the permeability of tuff rock, in the process of measuring ultra-low permeability, we use the YRD-CP200 type ultra-low permeability measuring instrument. From the Clinton's permeability, the permeability of the tuff rock is ultra-low which is about 0.00035mD.
Brazilian Disc Splitting Experiments
Two types of tuff samples were made into disc with the sizes of 50mm in diameter and 25mm in thickness, one type is the Natural tuff rock and another type is the tuff rock saturated by 24 hours. A series of Brazilian tests were carried out by using MTS electronic universal rock mechanics testing machine (CMT5105), peak loads are got and tensile strength is calculated according to the formula below:
(1) Here σ t = tensile strength; P = peak load; D = average diameter; H = average height. From the data were calculated, the tuff's tensile strength of natural state is about 9.35MPa, and saturated samples' tensile strength is around 6.67MPa. It can be concluded that the tuff's tensile strength is decreased after saturated in water.
Theoretical Analysis and Discussion
Maximum tensile stress analysis and discussion
Cartesian coordinate system 0-xyz is set up as shown in the figure2. Define the y axis along the pillar. The formula of calculating maximum tensile strength is derived as follows [9] :
M is bending moment. The N-point in Figure2 is selected as the reference point to calculate the stress difference, so the pressure differences and bending moment on the rock wall are obtained respectively.
Along the wall thickness direction, tensile stress caused by bending moment could be obtained. the biggest tensile stresses (data see in table 2) are got: Analysis on these data as follows: (1) Tensile strengths of tuff rocks on the natural state and saturated for hours are 9.35 MPa and 6.67 MPa, respectively. (2) From the data in table 2: the maximum tension stress of the No.9# spot is 4.5MPa, and is 2.5MPa for the No.8# spot. (3) Taking the 8# and 9# as examples, maximum tensile stresses and the tensile strengths of the saturated tuff samples are in the same order of magnitude. (4) After long-term saturated by water, it'll further reduce the strength which will form a certain threat to the preliminary stability of rock wall.
Conclusion
(1) The permeability of the tuff is very small by testing, which is the main and direct reason for the water level difference keeping for many years. This phenomenon will cause some stress corrosion for the pillar, resulting in its strength reduced.
(2) The tensile strength of the tuff in the laboratory tests is about 9.35MPa, and its strength will reduce to 6.67MPa after the samples saturated. It means that water level difference could cause certain threaten on the stability of the pillar, especially when the span of the pillar is narrow or the water level difference is obvious.
(3) Water level differences have some impact on the preliminary stability of the pillar, which should be monitored regularly to survey if the micro-cracks exist or not.
(4) Part of the rock mass exposed to the air is easily weathered into a loose rock mass, and under the comprehensive effect of joint and fissure, the pillar is prone to slab. The development of joint and micro-crack in the wall should be monitored regularly in order to take some effective measures timely.
